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Tubulointerstitial immune complex nephritis in rats
immunized with Tamm-Horsfall protein
JOHN R. HOYER
Department ofPediatrics, Harvard Medical School, Boston, Massachusetts
Tubulointerstitial immune complex nephritis in rats immunized
with Tamm-Horsfall protein. Rats immunized with Tamm-Hors-
fall protein (TH) developed autoantibodies to TH and tubulo-
interstitial nephritis with granular deposits of IgG, C3, and TH at
the base of tubular cells of the thick ascending limb of Henle's
loop and selective infiltration of leukocytes around this distal
nephron segment. Selective IgG deposition at the base of cells in
the tubular segment containing TH and the direct relationships of
the amount of immune deposits and the severity of histologic
lesions to serum levels of anti-TH antibodies suggest a patho-
genetic role for the autoantibodies to TH. The immune deposits
in this model of tubulointerstitial nephritis appear to be the con-
sequence of in situ formation of immune complexes. This mecha-
nism involves the diffusion of circulating antibodies to TH across
tubular basement membranes and their combination with TH
molecules associated with tubular cell surface membranes.
Néphrite a complexes immuns tubulo-interstitiels chez des rats
immunisés avec Ia protélne de Tamm-Horsfall. Des rats immu-
nisés par Ia protéine de Tamm-Horsfall (TH) ont développé des
auto-anticorps contre TH et une néphrite tubulo-interstitielle
avec des dépôts granulaires d'IgG, C3, et TH au pole basal des
cellules tubulaires de Ia partie large de Ia branche ascendante de
l'anse de Henle ainsi qu'une infiltration leucocytaire selective
autour de ce segment du néphron. Le dépôt sélectif d'IgG au
pOle basal des cellules dans le segment qui contient TH et les
relations directes entre Ia quantité de depOts immuns et Ia sé-
vènté des lesions histologiques suggère un role pathogénique des
anticorps anti-TH. Les depOts immuns dans ce modèle de néph-
rite tubulo-interstitielle paraissent être Ia consequence de Ia for-
mation in situ de complexes immuns. Ce mécanisme implique Ia
diffusion des anticorps circulants a travers Ia membrane basale
tubulaire et leur combinaison avec les molecules de TH asso-
ciées aux membranes cellulaires.
Tamm-Horsfall protein (TH) was isolated initially
from human urine as an inhibitor of viral hemagglu-
tination reactions by Tamm and Horsfall [1, 21. This
renal glycoprotein has been localized by immuno-
fluorescent studies to the initial portion of the distal
nephron, the ascending thick limb of the loop of
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Henle (ALH), and a short segment immediately
beyond the macula densa [3-5]. Recent ultrastruc-
tural studies have shown that the transition from ALH
to distal convoluted tubule occurs beyond, rather
than at, the macula densa [6, 71 and indicate that the
morphologic limits of the ALH correspond precise-
ly to the cellular distribution of Tamm-Horsfall pro-
tein. Several recent studies have suggested that TH,
the primary constituent of urinary casts [8, 9], may
have additional pathologic roles. Extratubular TH
deposits, particularly in interstitial regions, have
been demonstrated in immunopathologic studies of
several human tubulointerstitial diseases [10—12],
and antibodies to TH have been reported in the
serum of patients with pyelonephritis [131 and re-
flux nephropathy [14]. Abnormalities of leukocyte
migration inhibition by TH and lymphocyte-mediat-
ed cytotoxicity have been described in patients with
chronic liver disease and renal tubular acidosis [15,
16], and stimulation of lymphocyte transformation
by TH has been described [17, 18].
Recent clinical and experimental studies indicate
that immunologic mechanisms may play important
roles in renal tubulointerstitial diseases. Antibody-
mediated tubular and interstitial lesions may be
caused either by antibodies to tubular basement
membranes or by immune complexes [19, 20].
Granular deposits of IgG have been identified along
proximal and distal tubular basement membranes in
human renal diseases [2 1-25], and in rats and rabbits
immunized with homologous renal tissue [26, 27].
Autoantibodies reacting with distal tubular epithe-
hum have been identified in the serum of some pa-
tients with renal disease [28—30] and in rats immu-
nized with homologous renal tissue [26], although
the antigens involved were not identified, and the
role of these autoantibodies in pathogenesis of renal
lesions has not been established. Because TH is a
well-characterized renal tubular antigen, it ap-
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peared desirable to investigate the potential role of
immune responses to TH in immunologically medi-
ated tubulointerstitial nephritis. In the present re-
port, studies showing that tubulointerstitial nephri-
tis can be produced in rats by immunization with
rat TH are presented. These studies demonstrate
the importance of IgG autoantibodies to TH in the
pathogenesis of this renal disease.
Methods
Female Sprague-Dawley rats (Charles River Lab-
oratories, Wilmington, Massachusetts) and inbred
Lewis rats (Microbiological Associates, Bethesda,
Maryland), each weighing 100 g, were used in these
studies. Rat TH was isolated from normal Sprague-
Dawley rat urine as previously described [5].
Monthly intradermal injections containing 100 to
200 g of TH in Freund's adjuvant (0.4 ml in mul-
tiple sites) and 0.1 ml of pertussis vaccine (1.8 x l0
organisms/ml) (Parke-Davis) were given to 62 rats.
In initial injections, TH was mixed with complete
Freund's adjuvant (Difco Laboratories) and sub-
sequently was given with incomplete Freund's adju-
vant. Twenty-nine rats received one to three
monthly injections, and 33 rats were given four to
eight monthly injections. Thirty-nine control rats
were similarly injected with Freund's adjuvant and
pertussis vaccine, including 28 rats injected four to
eight times. An additional 12 uninjected age-
matched control rats were studied.
Renal tissue was obtained by open biopsy, unilat-
eral nephrectomy, or at the time of sacrifice. Por-
tions of tissue were fixed in buffered formalin, em-
bedded in paraffin, sectioned, and stained with peri-
odic acid Schiff(PAS) and hematoxylin. Additional
portions of tissue were rapidly frozen, sectioned at
2 to 4 s, and stained with fluorescein-conjugated
monospecific rabbit antisera to rat IgG, 1gM, C3,
fibrinogen, albumin, and Tamm-Horsfall protein
prepared in our laboratories, as previously de-
scribed [5, 311. More precise determination of the
relative localization of deposits was obtained in Se-
lected sections by using double labels. In these
studies, sections were stained by the indirect meth-
od with appropriate dilutions of untagged rabbit
antisera prior to Rhodamine-conjugated goat anti-
rabbit IgG (Rho-.GARG) (Cappel Laboratories,
Downington, Pennsylvania) [321, washed three
times for 2 mm in phosphate buffered saline (PBS),
incubated for 10 mm with normal rabbit IgG (1 mg/
ml) to block Rho-GARG antibody sites, rewashed
with PBS, and then stained with fluorescein-con-
jugated rabbit antisera to the second antigen. Immu-
nofluorescent microscopy was performed with a
Zeiss Universal microscope and III-RS vertical illu-
minator with the following filter combinations:
FT51O, BP450-490, BP520-560 for fluorescein, and
BP546/lO, FT580 and LP590 for rhodamine. A Leitz
S525 barrier filter was added to the above combina-
tion for viewing fluorescein in double-label sec-
tions. Sections containing both medullary and cor-
tical portions of the thick ascending limb of the loop
of Henle (ALH) were graded from negative (0) to
strongly positive (+ + +) based on the distribution,
intensity and size of deposits.
Sera samples of rats were evaluated for the pres-
ence of antibodies to renal antigens by indirect im-
munofluorescence with fluorescein-conjugated rab-
bit antisera to rat IgG and to rat 1gM after prior in-
cubation of frozen sections of normal rat kidney
with these rat sera samples. The IgG antibodies that
fixed to ALH cells were shown to be anti-TH anti-
bodies by both absorption and blocking studies.
The sera of 5 rats that showed strongly positive
(+ + +) staining of ALH cells at a dilution of 1:64 or
greater were used in absorption studies. Aliquots of
undiluted sera were absorbed for 60 mm with highly
purified rat TH (0.45 mg/ml), centrifuged, and di-
luted to 1:20. ALH staining of these TH absorbed
sera was completely inhibited. In contrast, sera
samples of rats with membranous glomerulone-
phropathy (autologous immune complex nephropa-
thy) and comparable staining of proximal tubular
brush border at a 1:64 dilution showed no diminu-
tion of proximal tubular staining after similar ab-
sorptions with purified TH. Preincubation of normal
rat kidney sections with sera samples from TH-in-
jected rats blocked ALH staining of fluorescein-
conjugated rabbit antisera to rat TH, but similar
preincubation with sera samples from rats with
membranous nephropathy did not block ALH stain-
ing.
Urinary albumin excretion was determined by
single radial immunodiffusion with monospecific
rabbit antisera to rat albumin as previously de-
scribed [331. The osmolarity of urine samples ob-
tained after a 36-hour period of water deprivation
was determined by freeze-point depression with a
Fiske osmometer.
Results
Immunofluorescent microscopy. Granular and
nodular deposits of rat IgG were found at the base
of tubular cells of the ALH in kidneys of nearly all
rats immunized with TH and adjuvants (Table 1),
whereas none of the kidneys of control rats injected
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Table 1. Incidence of tubular deposits in rats immunized with Tamm-Horsfall (TH) protein and Freunds adjuvanta
No. of
injections
Deposits
IgG C3 1gM Fibrinogen Albumin
TH + adjuvant
TH + adjuvant
Adjuvant
1 to3
4 to 8
Ito 8
36/38
37/38
0/52
20/30
26/36
0/38
0/25
0/23
0/16
0/17
0/12
0/10
0/12
0/17
0/12
Renal tissue was examined I month after the last month!y injection.
with Freund's adjuvant and pertussis vaccine
showed tubular IgG deposits. The nature and extent
of renal lesions in Lewis and Sprague-Dawley rats
were similar and, therefore, results in the two
strains have not been segregated.
The earliest and mildest lesions consisted of fine-
iy granular basal IgG deposits (Fig. 1, A and B),
whereas in more severe lesions, deposits at the base
of ALH cells were larger and confluent. The largest
and most numerous IgG deposits were concentrated
Fig. 1. Immunofluorescent micrographs of kidney tissue from rats immunized with TH: A Small granular deposits of rat IgG at the base of
ALH cells in the outer medulla (><300). B Granular IgG deposits at base of ALH cells in cortex (x 300). C Granular deposits of rat C3 at
base of ALH cells in outer medulla (x300). D Presence of small granular TH deposits at base of ALH cells in outer medulla in addition to
normal staining pattern for TH in the ALH (<300).
"It
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Fig. 2. Extent of tubular deposits of rat IgG in kidneys of rats
immunized with TH at ,nonthly intervals. Kidneys studied I
month after the last immunization are shown by solid circles, and
kidneys studied 2 months or more after the last immunization are
shown by open circles.
in the outer stripe of the outer medulla and in the
inner cortex in both mild and severe lesions. Al-
though the size and number of deposits generally
increased with additional injections of TH, some of
the largest deposits were seen after only three
monthly injections. IgG deposits in the kidneys
studied 2 months or more after the last injection of
TH were mildly decreased compared to tissues
studied a month after injection (Fig. 2). Tubular de-
posits persisted, however, for prolonged periods
and were present in all kidneys studied 8 to 12
months after a series of two to four TH injections;
these deposits were numerous and large in kidneys
of 10 of these 12 rats. Granular deposits of rat com-
plement (C3) in a similar distribution were detected
in a majority of rats injected with TH (Table 1, Fig.
1C). C3 deposits were smaller and less numerous
than were IgG deposits; these C3 deposits were
most frequent and largest in rats with the most
prominent IgG deposits. Granular and nodular de-
posits of TH were present at the base of ALH cells
in all kidneys with IgG deposits (Fig. 1D). The dis-
tribution of TH and C3 deposits was shown to be
identical to that of IgG deposits by the use of
double-label studies (Fig. 3). Elution of tissue sec-
tions with 0.02 M citrate and 1.0 M sodium chloride
(pH, 3.2) for 1 hour at 37° C eliminated IgG staining
of basal deposits but did not abolish staining for
TH. Trace quantities of rat 1gM, fibrinogen, and al-
bumin were found in some of the largest tubular de-
posits. In severe lesions, basal IgG, TH, and C3 de-
posits were present along the entire course of the
ALH to the parent glomerulus. ALH cells directly
opposite and beyond the macula densa had basal
deposits, but immune deposits were not observed at
the base of macula densa cells.
Small quantities of rat IgG and TH were present
in some interstitial areas adjacent to basal ALH de-
posits. These finely granular deposits were most
frequently seen near medullary rays containing sev-
eral ALHs. The glomeruli of most rats lacked im-
munoglobulin and complement deposits. The me-
Fig. 3.Double-label immunofluorescent micrographs of the same section ofkidneyfrom rat immunized with TH: A Granular and nodular
deposits of rat IgG at base of ALH cells (fluorescein-labeled anti-rat IgG (x480). B Diffuse TH staining of ALH cells in addition to
granular and nodular basal TH deposits in a distribution identical to rat IgG deposits (indirect immunofluorescence with unlabeled rabbit
anti-rat TH and Rhodamine-labeled goat anti-rabbit IgG (x480).
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Fig. 4. Rat renal tissue after multiple immunization with TH: A Light micrograph demonstrating large confluent PAS-positive deposits
(arrows) at base of cortical ALH cells and focal mild peritubular leukocytic infiltration (x500). B More extensive leukocytic infiltration
and smaller PAS-positive basal ALH deposits (arrows) in higher power light micrograph (x 800). C Immunofluorescent micrograph
showing very large basal TH deposits in the same distribution as PAS-positive deposits (x 575).
sangium of 6 of 28 rats studied 4 months or more the 38 oldest TH-injected rats studied at similar in-
after being first injected with Freund's adjuvant tervals.
contained more than trace amounts of 1gM, IgG, Light microscopy. Histologic lesions were pres-
and C3. Comparable quantities of these proteins ent in 21 of the 53 renal specimens obtained after
were present in glomerular mesangial zones in 8 of three or more TH injections but were not detected
4ktat t
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Fig. 5. Immunofluorescent micrographs of normal rat kidney
section incubated with sera from TH-immunized rat prior tofluo-
rescein-conjugated rabbit anti-rat IgG. Diffuse cycloplasinic
staining is limited to ALH cells. The glomerulus (0) and adjacent
macula densa cells (arrows) are not stained (x300).
in any of the 28 kidneys studied after one or two TH
injections. Nodular PAS-positive deposits at the
base of ALH cells in 13 kidneys were the most spe-
cific finding, although interstitial infiltration of
mononuclear and neutrophilic leukocytes surround-
ing ALHs was more frequent and present in all 21
kidneys with lesions. The distribution of PAS-posi-
tive basal deposits was identical to that of the larg-
est deposits observed in immunofluorescent micros-
copy (Fig. 4). Interstitial cellular infiltrates were
distributed similarly and were often, but not in-
variably, around tubules with PAS-positive depos-
its. Small areas of interstitial fibrosis were observed
infrequently. The renal interstitium of adjuvant-in-
jected rats did not differ appreciably from that of
uninjected age-matched control rats, and PAS-posi-
tive tubular deposits were not seen in these control
kidneys. The glomerular morphology of TH-inject-
ed rats did not differ from that of control rats.
Serwn studies. Nearly all (47/48) of the sera of
rats injected with rat TH available for study con-
tained IgG antibodies that fixed in vitro to ALH
cells (Fig. 5) at a dilution of 1:4 or greater, whereas
none of these sera contained kidney-fixing 1gM anti-
bodies. None of the 25 sera from adjuvant-injected
rats contained antibodies that fixed to ALH cells in
tissue sections. Sera from 7 of the adjuvant injected
rats contained low titers ( 1:16) of IgG antibodies
binding to collecting ducts. Antibodies fixing to col-
lecting ducts in low titers ( 1:16) were also present
in the sera of 13 TH-injected rats. Low titers (
1:16) of IgG binding to proximal tubular brush bor-
der were found in the sera in a minority of TH-in-
jected rats (17/48). This brush border staining was
not blocked by absorption with purified TH. IgG de-
posits at the base of collecting ducts and proximal
tubules or along the glomerular capillary wall were
not present in the renal tissue of any of these rats.
Sequential studies of sera from individual rats fre-
quently showed increasing anti-TH titers after re-
peated injections. The titers within the entire group
showed, however, considerable variation at each of
the monthly intervals, and there was no direct rela-
tionship between titer and number of injections.
The anti-TH titer correlated much more closely
with the extent of immune deposits and microscopic
abnormalities (Fig. 6). C3 deposits were detected
less frequently than were IgG deposits in kidneys of
rats with low titers. The histologic changes of PAS-
positive tubular deposits and interstitial infiltration
of leukocytes were found only in kidneys of rats
with serum anti-TH titers of 1:64 or greater.
Other results. Rats injected with TH appeared
healthy and gained weight at the same rate as that of
the adjuvant-injected controls. Quantitative urinary
albumin excretion of 43 TH-injected rats was not
increased above that of 37 age-matched adjuvant-
injected controls. For example, 25 rats studied 4 to
6 months after the first TH injection excreted 0.26
0.03 mg (mean SEM), 16 control rats excreted 0.26
0.04 mg of albumin per 24 hours. Twelve to four-
teen months after the first injection, 10 TH-injected
rats excreted 3.3 1.3 mg compared with 5.4 2.2
mg of albumin excreted by 6 adjuvant-injected rats.
Impairment of urinary concentrating ability was
not detected in 11 rats studied 8 months after the
first TH injection. Following a 36-hour period of
water deprivation, these rats had a urine osmolarity
of 2363 54 compared with 2296 129 mOsm in 6
adjuvant-injected controls.
Discussion
The present study shows that rats immunized
with Tamm-Horsfall protein develop autoantibodies
to TH and a tubulointerstitial nephritis associated
with granular deposits of IgG, C3, and TH at the
base of tubular cells of the ALH and selective infil-
tration of leukocytes around this distal nephron seg-
ment. The pathogenetic role of autoantibodies to
TH is suggested by selective IgG deposition at the
base of cells of the tubular segment containing TH
and by the direct relationships of the amount of im-
mune deposits, and of the severity of histologic le-
sions to serum levels of anti-TH antibodies. The
likelihood that these immune deposits are antigen-
antibody complexes is supported by double-label
studies showing presence of IgG, C3, and TH in the
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Fig. 6. Comparison of serum liter of anti-TH antibodies determined by indirect im,nunofiuorescence with the extent of IgG deposits, C3
deposits, and PAS-positive deposits at the base of ALH cells and interstitial leukocytic infiltration in kidneys of rats immunized with TH.
Each circle represents a single rat.
same deposits and by the absence of other plasma
proteins in these deposits.
Absorption studies demonstrated that the serum
autoantibodies that fixed to ALH cells in normal rat
kidneys were antibodies to TH, because absorption
with purified TH selectively blocked ALH staining
by sera of TH-injected rats. In addition, sera from
these rats block staining of ALH cells by rabbit
antisera to rat TH. Low levels of serum IgG anti-
bodies binding to proximal tubules in a minority of
TH-injected rats were not of pathogenetic signifi-
cance, because neither proximal tubular nor gb-
merular IgG deposits were present in their kidneys.
It was uncertain whether formation of these anti-
bodies is stimulated by trace impurities present in
TH used for immunization or by renal antigens re-
leased during tissue injury initiated by antibodies to
TH.
The pathogenesis of the tubulointerstitial nephri-
tis in rats immunized with TH appears to involve
the in situ formation of subepithelial immune com-
plexes similar to that in experimental thyroiditis in
mice [34], orchitis in vasectomized rabbits [35], and
basal proximal tubular immune deposits in rats and
rabbits immunized with homologous renal tissue
[26, 27]. Several observations are consistent with a
concept of in situ immune complex formation in the
TH model, which requires that circulating anti-
bodies to TH cross tubular basement membrane of
ALH cells and combine with TH. (1) Ultrastructur-
al tracer studies using ferritin (mob wt, 500,000 dal-
tons) and catalase (mol wt, 240,000 daltons) have
shown that peritubular capillaries, including those
of the ALH, are much less restrictive to the passage
of macromolecules than the glomerular capillary
wall is [36]; diffusion of IgG molecules across tubu-
lar basement membranes is not greatly restricted.
(2) Ultrastructural immunoperoxidase studies of
normal rat kidney have localized TH to the basal,
lateral, and luminal surface membranes of ALH
cells and in the extracellular spaces between the ex-
tensive basal cell infoldings of ALH cell surface
membranes [37], and this surface membrane antigen
is thus accessible to anti-TH immunoglobulin mole-
cules diffusing across tubular basement membranes
of the ALH. (3) In rats immunized with TH, elec-
tron-dense deposits were initially observed in the
extracellular space between basal cell membrane in-
foldings and tubular basement membranes of ALH
cells [38]. These ultrastructural studies, which will
be reported in detail, specifically indicate that de-
posits observed by immunofluorescence in this
model are subepithelial in location. (4) The consis-
tent presence of TH in immune deposits facilitated
double-label studies. This probably reflects the
large quantities of TH, a surface-membrane glyco-
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protein with rapid turnover (half-life of 9 hours in
the rabbit [391), that are available for combining
with antibodies diffusing across tubular basement
membranes. In contrast, elution of antibody may be
required for demonstration of the antigenic com-
ponent of subepithelial immune deposits in other
models [34, 35]. (5) The absence of IgG deposits in
glomeruli and on luminal surfaces of ALH cells sug-
gests that deposits in this model are not the con-
sequence of the alternative mechanisms of either
deposition of circulating immune complexes or in
situ complex formation after passage of anti-TH
antibodies into the glomerular filtrate. (6) Prelimi-
nary studies in rats passively immunized to TH by
intravenous injection of rabbit antisera to rat TH
have demonstrated granular deposits of rabbit IgG
and rat TH at the base of ALH cells in a distribution
identical to that of immune deposits observed in
rats actively immunized with TH [40].
Studies of the effects of selective immunologic in-
jury on ALH function are of interest. Urinary con-
centrating ability was not impaired in the rats immu-
nized with TH in the present study. The primary
purpose of this study, however, was to define im-
munopathologic characteristics of the model, and
only small quantities of TH were used for immuni-
zation. Although this type of selective immune
complex deposition may not cause functional
changes, more intensive or prolonged immunization
may lead to more extensive immunologic injury and
might thereby alter tubular function. Further stud-
ies of renal function will allow improved definition
of the renal lesions produced by immune responses
to TH.
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